Effective leakage models are crucial for leakage assessment and control strategies to improve the sustainability of vital water distribution, and other pipeline, infrastructure. This paper evaluates the interdependence of leak hydraulics, structural dynamics and soil hydraulics, particularly considering the significance of the soil conditions external to longitudinal slits in viscoelastic pipe. Initial numerical exploration and unique physical experimental results are presented exploring this complex physical phenomenon. The existence of an idealised fully restrained porous medium was shown to significantly increase the pressure-and time-dependent leak opening area whilst reducing the leak flow-rate, compared to a leak into water only. The research highlights the limitation of existing dynamic leakage modelling approaches which greatly simplify or neglect the influence of the soil conditions. Incorporation of this understanding into leakage modelling will enable more accurate estimation of leakage rates and hence the effects of management and control strategies.
INTRODUCTION
The capacity to numerically represent physical phenomena is dependent on our ability to determine all the significant causative factors for a given scenario and incorporate these within a verifiable model. Leakage models play a pivotal role in assessing and controlling the total real losses from water distribution systems, forming the fundamental development platforms for leakage management approaches including leakage assessment and pressure management.
The definition of the sensitivity of leaks to changes in pressure, specifically the pressure dependence of the leak area, has been identified as a key research topic aimed at improving current leakage modelling practice. Select investigations explore idealised model parameters where the pipe is not buried in a soil or other porous media, contrary to the typical conditions found for this typically buried infrastructure. Consequently the significance of the interdependence of the soil and leak hydraulics with the pipe and soil structural behaviour are generally omitted from developed leakage models. Understanding the influence of a representative porous media on the structural loading conditions and subsequent leakage magnitude will have a direct impact on improving leakage management applications and hence the overall sustainability of water distribution systems and other buried pipe infrastructure.
BACKGROUND
Leakage studies often consider the relationship between pressure and flow-rate from individual failure apertures, with leaks in typical water distribution pipes shown to exhibit orifice type flow which may theoretically be characterised using the Orifice Equation (Greyvenstein & van Zyl ) . However, the observed sensitivity of different leaks in operational systems slits in viscoelastic pipe. The study infers that a modified form of the Orifice Equation may therefore be used by incorporating the measured or modelled leak area. However, physical and numerical studies such as those presented by Fox et al. () and Cassa & van Zyl () neglect the effect of external ground conditions and the influence of soil hydraulics on the observed dynamic leak behaviour.
The association between structural performance and leak hydraulics has a significant influence on the net leakage behaviour of failures in pressurised pipes. In most cases numerical and physical studies simplify the analysis of leakage behaviour by eliminating the influence of porous media external to a pipe. Clayton & van Zyl () 
AIM AND HYPOTHESIS
The aim of the research was to investigate the influence of an idealised (invariable) external porous media on the dynamic leakage behaviour of longitudinal slits in polyethylene pipe, through some initial numerical studies and then a series of novel physical experiments. Three fundamental, interacting, principles were investigated; structural behaviour and leak and soil hydraulics, as summarised in Figure 1 .
From considering the interdependence of leak and soil hydraulics, it may be expected that the existence of a fully constrained/consolidated porous media external to a leaking pipe will result in a distinct pressure-leakage relationship, less than that of an equivalent leak into air or water. This is primarily due to the hydraulic resistance The findings of the qualitative CFD analysis therefore rejects the null hypothesis and support the theory that the existence of an idealised porous media external to a leak significantly increases the slit face loading (greater than one order of magnitude) and reduces the magnitude of the leak flowrate due to the hydraulic resistance of the media. However, these CFD simulations assumed a constant leak area thereby isolating the leak and soil hydraulics from the structural dynamics for the analysis. In order to determine whether the results of these idealised numerical simulations reflect the real physical phenomena experienced by leaks in buried pipes, a series of physical experiments were designed and implemented in order to explore the complex interacting behaviour fully.
EXPERIMENTAL SETUP
A series of experiments were undertaken which recorded the synchronous pressure head, leak flow-rate, leak area and material strain under quasi steady-state conditions (slowly-changing) for an engineered longitudinal slit in medium density polyethylene (MDPE) pipe leaking into water and a porous medium.
Laboratory facility
The laboratory investigation utilised a 141 m length recirculating pipe loop facility at the University of Sheffield. The 
EXPERIMENTAL RESULTS
The response of the leak (longitudinal slit) into (A) water and a (B) porous media (geotextile fabric) were compared using measurements of the pressure head, leak flow-rate and axial strain. The initial pressurisations for each discrete pressure test are listed in the summary of results (Table 1) The results of the measured leak flow-rates for the two test cases are presented in Figure 5 where the data have been adjusted to t ¼ 0 s for the start of each discrete pressure test case. The total measured volumes of flow (net leakage) through the leak were quantified by integrating the time series flow-rate for the 1 h pressurisation phase, with the results listed in Table 1 . It was observed that the flow-rate through the geotextile was noticeably less than equivalent leak into water, greater than the instrumental flow-rate measurement error (<1%).
Alongside the measurements of fluid pressure and leak flow-rate, the synchronous structural behaviour of the leak opening was quantified. Axial strain measurements were recorded for both the water and geotextile fabric test cases, with leak area also recorded for the water case only.
A fitting procedure between the measured leak area (mm 2 ) and material strain produced the linear relationship shown in Equation (1), assumed to be the same for both the water and geotextile test cases:
The results of the recorded axial strain for both test cases are shown in Figure 6 , which may therefore be considered as representative of the actual change of leak area due to the established linear association.
Axial strain measurements at the lowest pressure head Table 1 ). The results of this analysis are presented in Figure 7 for both the geotextile fabric and water test cases.
The visible data spike at t ¼ 3,600 s in Figure 7 is due to the small discrepancy in data acquisition time stamping between the flow, pressure and leak area data (less than ± 0.05 s). The mean discharge coefficient values for each test case and discrete pressure tests are summarised in Table 1 . ence between the measured axial strain, and hence the leak area, for all three test cases with the leak into water displaying the smallest total structural deformation. From Figure 9 it can be seen that the leak flow-rates for the geotextile fabric and mixed gravel correlate well together, taking account of the step increase in flow-rate for the mixed gravel case at approximately t ¼ 1,100 s, which is surmised to be due to the expulsion of a partial blockage within the cross-section of the leak opening. This correlation is considered to be due to the coupled effect of the porous media permeability and relative change of leak area for both test cases. These qualitative results support the hypothesis that a porous media external to a leak orifice will significantly influence both the hydraulics and the structural behavioural response of the leak, increasing the relative magnitude of change of leak area and simultaneously reducing the leak flow-rate due to the soil hydraulic resistance. which is dependent on the fluid pressure within the pipe and the external boundary conditions (porous media) affecting the head loss through the orifice. However, the overall leak rate was only increased by around 5%, as the increased leak area effect was counteracted by the hydraulic resistance of the media. Conversely, experimental results using mixed gravel media external to the pipe showed only a marginal increase in axial strain, and hence leak area compared to a water case, but overall leak flow rate approximated to the gravel case. This lack of dynamic leak area change is assumed to be due to the formation of a small void or fluidised zone immediately external to the leak, and the pressure dissipation effects provided by this providing significant pressure loss through the orifice. However, the media further from the leak still provide substantial overall hydraulic resistance. Further research is required into media effects, in particular void and fluidisation effects local to leak orifices using representative media. Overall, the research reported here shows that in order to accurately model and capture the leakage behaviour of dynamic leaks in buried pipes, the interacting effects of porous media permeability and slit face loading should be considered.
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